Abstract: Mobility is essential in electronic and optoelectronic devices. Abnormal temperature T dependence of the carrier mobility of poly [2-methoxy-5-2-ethyl-hexyloxy]-p-phenylenevinylene (MEH-PPV)/InP nanocrystal composites was observed using the time-of-flight technique. The slope of lnðÞ as a function of 1=T 2 dramatically changed before and after the critical temperature T c of 283 K. Using the variable range hopping theoretical mode, a new trap-filling factor (FF) was proposed as a key parameter to illustrate the effect of the trap on the mobility. According to FF, there are three regions. When FF ) 1 and FF ( 1, the carrier behavior follows the Fermi and Boltzmann distributions, respectively. When FF $ 1, the derived transition temperature of 282.4 K represents a transition point from Fermi to Boltzmann distribution, which is consistent with T c in the experiment. Finally, a universal dependence of lnðÞ on T was concluded based on FF in a disordered system with traps.
Introduction
Carrier mobility is a notably important parameter for electronic and optoelectronic devices [1] - [5] . As an advanced electronic and optoelectronic material, conjugated polymer/semiconductor nanocrystal composites have attracted considerable attention because of their potential applications in various optoelectronic devices such as organic light-emitting diodes (OLEDs), organic transistors, and organic solar cells [6] - [8] . Because of embedded semiconductor nanocrystals, the effect of the trap states on the carrier mobility ðÞ is ambiguous according to previous reports. On one hand, these guest states induce traps that can promptly capture the carriers and keep them localizing over a long time, which effectively reduces the mobility [9] - [12] . On the other hand, a large area of the interface of polymer and nanocrystals is conductive to the separation of photo-induced excitons [13] , [14] , and the additional carrier concentration improves the mobility because of the increase in Fermi level (E F ) [3] , [4] , [15] . Such positive contributions have been proven in many conjugated polymer/semiconductor nanocrystal composite systems, where increased by at least one order of magnitude [16] , [17] . After all, the effect of the trap on the mobility (increase or decrease) remains a problem and is worth special attention.
In this paper, MEH-PPV (poly [2-methoxy-5-2-ethyl-hexyloxy]-p-phenylenevinylene)/InP nanocrystal composite was chosen as an example to demonstrate the temperature (T) dependence of mobility in disordered systems with traps. Using the time-of-flight (TOF) technique, the functional relationship between and T exhibited an abnormal dependence with a critical temperature (T c ) of 283 K. A theoretical model of a disordered system with traps was proposed based on the variable range hopping theory. A new trap-filling factor (FF) was introduced as an important parameter, and the model presents good consistence with the experimental results. Finally, a universal relationship between lnðÞ and T is also extracted based on FF to any disordered system with traps.
Experiments and Results

Preparation of MEH/InP Nanocrystal Composite
To provide effective trap states, the energy level of InP nanocrystals must be a little lower than the highest occupied molecular orbital (HOMO) (È5.3 eV) of MEH-PPV. The absorption and photoluminescence (PL) of the prepared InP nanocrystals are plotted in Fig. 1(a) . The absorption peak was at approximately 600 nm because of quantum confinement, whereas the band gap of the bulk material was 976 nm (300 K). The PL peaks were identified to be 660 nm and 892 nm. The former was from the intrinsic exciton radiative emission, whereas the latter was attributed to surface state emission [18] - [21] . The surface states had a larger PL intensity than the intrinsic states, which indicates a notably higher density of surface states. According to Fig. 1(a) , the intrinsic states (which attributes 4.4 eV) were not competent for traps because of their overlarge level spacing (È1 eV) from HOMO of MEH-PPV, where photon-induced carriers are located, as shown in Fig. 1(b) . However, the surface states of InP nanocrystals that were extracted from the PL peak (892 nm) to approximately 5.0 eV were suitable for traps because they were only 0.3 eV lower than the conduction band of MEH-PPV. Moreover, the surface states density of InP nanocrystals could be tuned using the density of the In dangling bond on the surface [19] . Therefore, the InP nanocrystals with a high density of surface states were prepared and mixed with MEH-PPV for the composite. The experimental procedures were described in detail in [22] .
Fabrication and Measurement
ITO/composite/Al sandwich-structured samples were prepared by spin casting the composite solution (or polymer solution) on indium tin oxide (ITO) and subsequently drying overnight under vacuum conditions. Then, Al ($ 1 m thickness) was thermally evaporated over a shadow mask with an active area of $1 cm 2 as another electrode. A schematic diagram of the time-of-flight (TOF) is plotted in Fig. 1(c) . In the experiment, the third harmonic wave from the Nd:YAG pulse laser was used as an excitation source with a wavelength of 355 nm, a pulse width of 10 ns, and a repetition frequency of 5 Hz. When a pulse laser entered the ITO, excitons were 
Abnormal Temperature Dependence of the Mobility
Dispersive transport was observed on the transient current curves for both composite and polymer samples, as shown in the insets of Fig. 2 . The cross point of two straight lines was extracted as the transit time (T). Then, the mobility was calculated as follows:
where d is the thickness and U denotes the external bias voltage. The functional relationship between and T were plotted in Fig. 2 for (a) the carrier mobility of MEH-PPV as a reference and (b) the carrier mobility of the MEH-PPV/InP nanocrystal composite. The linear dependence of lnðÞ on 1/T 2 could be termed as the non-Arrhenius dependence for MEH-PPV in Fig. 2(a) , which indicates that the carrier transport was determined by thermal excitation and associated with the energetic disorder of an organic system. This trend was confirmed in numerous similar samples [2] , [23] - [25] and hence considered the "normal behavior". However, for the composite in Fig. 2(b) , an abnormal behavior was observed: lnðÞ linearly decreased with 1/T 2 , but the slope dramatically changed at a critical temperature (T c ) of 283 K. In each individual T region, the linear relation of lnðÞ / 1=T 2 remained valid. It should be noted that this abnormal mobility behavior in our composite structure was highly repeatable.
Theoretical Model
Theoretical Model for a Disordered System With and Without Traps
To illustrate T c , we developed a theoretical model of carrier transport from a disordered system without trap to one with traps. In MEH-PPV, the positive charge carriers transport via hopping within the energy level of 5.3 eV, which consists of many localized states. Setting the zero energy at this energy level, the distributed states are described by the following Gaussian function [25] :
where N ð$10 22 cm À3 Þ is the total density of localized states and denotes the width of the Gaussian distribution, which is usually in the order of È0.1 eV [4] , [5] , [26] . Note that the reference zero energy is set to the energy level of 5.3 eV, which is also the center of the energy state distribution. The density of states (DOS) is normalized as R 1 À1 gðE ÞdE ¼ N. The single Gaussian DOS as (2) described the distributed states of pristine polymer. As for the composite with trap states, (2) should be developed to double Gaussian DOS. The trap states are characterized by the center energy E Tr and the width of Tr as follows [9] :
The center energy of the surface states of InP nanocrystals E Tr is 0.3 eV in our experiment. The total DOSs are normalized as
where N Tr is the total density of surface states of InP nanocrystals and is in the range of 0.001-0.1N, which depends on the mixing ratio of InP nanocrystals to polymer. According to the Mill-Abrahams rate model, the rate of carriers jumping from the starting or ground energy state (E s ) to the target energy state (E t ) over a distance of r st is expressed as [9] 
where 0 is the attempt-to-frequency in the order of 10 12 Hz and a denotes the localization radius or localization length [3] , [9] , [27] . At thermal equilibrium, the DOS occupied by the carriers can be described by the Fermi function f ðE ; E f Þ ¼ 1=ð1 þ expðE À E F ÞÞ, where the Fermi energy level E F is determined by
where n is the concentration of carriers. Equations (2), (4), and (5) formulate a self-consistent theoretical model with three dimensionless parameters =kT , Na 3 , and n=N, as the common situation without traps. Equations (3)-(5) formulate another theoretical model on disordered systems with traps. Therefore, we introduce an additional important dimensionless parameter to describe the trap filling degree of carriers: the trap-filling factor ðFF ¼ n=N Tr Þ. Based on FF, three cases are immediately clarified.
Fermi Distribution With FF ) 1
With FF ) 1, the states of traps are fully filled by the carriers, and a part of the polymer states is also filled. As is well known, the carriers decrease in energy unlimitedly in course of time in an empty system at kT G [3] , until they are near the Fermi level E F . Then, thermal excitation induces the carriers to hop to the states near a notably important energy E T . In the states around E T , the carriers fall into the states with lower energies. This process near E T resembles a multiple-trapping process, where E T is called the transport energy (TE), which corresponds to the mobility edge [1] , [15] , [27] . Because the upward hopping from the Fermi level to E T dominates the charge transport, the mobility depends on the behavior of the carriers near the Fermi level and is independent of E Tr and Tr . Thus, the trap states do not affect the mobility.
As an example, the case of FF ¼ 3 was selected and is discussed in detail. The Fermi level can be calculated according to (5) , and it decreases with the increase in temperature as the red line in Fig. 3(a) . The inset plots the carrier-filling pattern, where the red area indicates the states that are occupied by carriers. The blank area indicates unoccupied states, and E F denotes the boundary of occupied and unoccupied states. With the increase in temperature, more carrieroccupied states approach E T (determined by (9) , shown below), while the Fermi level decreases. Thus, it is easier for the carriers to transport through thermal excitation, which increases the mobility. Here, we use the following parameters according to [3] and [9] , and our experiment: E Tr ¼ À0:3 eV, Tr ¼ 0:03 eV, ¼ 0:08 eV, N ¼ 1 Â 10 22 cm À3 , N Tr ¼ 0:01N, and FF ¼ 3. Although the two cited paper did not do the real experiments, their theoretical model presented good agreement with the experimental results from other reports [3] , [4] . Therefore, the parameters in [3] and [9] are reasonable and can be used in our manuscript.
With the method in [3] , [15] , the mobility ðT Þ can be expressed as
where E T is determined as follows:
When calculating the carrier mobility, we also consider the percolation nature of hopping conduction, i.e., to provide an infinite percolation cluster of connected sites, B $ 2:7 on average [28] . Substituting (7) and (8) into (6), the carrier mobility can be expressed as follows: where n t is determined by
Because E T is notably close to the reference energy [3] , [15] , the carrier concentration n t below E T is approximately equal to the total concentration n. Thus, n t can be replaced by n in (10) during the calculation.
Boltzmann Distribution With FF ( 1
When FF ( 1, Fermi distribution converts to Boltzmann approximation in the low-concentration region as follows:
Substituting (12) into (10) and (11), the parameter n is cancelled, and the mobility is independent of the concentration. When the carriers thermally relax to equilibrium energy ðE eq Þ, the equilibrium energy replaces the Fermi level and becomes the new starting point of upward hopping, and E eq can be expressed as
Because N Tr ( N and expðÀE Tr =kT Þ ( 1, the first term is considerably greater than the second term in both the numerator and denominator; therefore, the expression becomes
Clearly, E eq is independent of E Tr or Tr ; therefore, the mobility cannot exhibit the effect of the trap states. As an example, the case of FF ¼ 0:01 is plotted in Fig. 3(c) . In the same distribution of states, with the decrease in carrier concentration, the carriers relax to E eq with the width of , and the blue area in the inset denotes the occupied states. In this case, the Fermi level is too low to plot, whereas E eq is calculated using (14) and plotted as the black line in Fig. 3(c) . Apparently, E eq increases with the increase in temperature. As temperature increases, the carriers occupy the states with higher energy, and it is more conducive for the carriers to thermally excite to E T , which increases the mobility.
Transition Distribution With FF $ 1
FF $ 1 is the most complex case and presents an abnormal temperature dependence. In this region, the concentration n ¼ R 1 À1 f ðE ; E F ÞgðE ÞdE is comparable to the density of trap states
gðE ÞdE , which leads to
so that the Fermi level E F pins at the overlapping region of the two Gaussian distributed states. As a result, E F and E eq intersects at a temperature as shown in Fig. 3(b) , which separates the temperature range into two regions. Boltzmann statistics apply to the high-temperature region, whereas Fermi statistics apply to the low-temperature region. The intersection becomes the transition temperature from Fermi to Boltzmann statics. As a consequence, the mobility pattern of lnðÞ versus 1/T 2 exhibits a kink pattern that divides the T region into Fermi-pattern (left) and Boltzmann-pattern (right) regions. The transition temperature corresponds to the critical temperature in the experiment, and the mobility depends on E Tr and Tr when transition occurs.
Normal and Abnormal Temperature Dependence of Mobility
The dependence of lnðÞ on T 2 was calculated and is plotted in Fig. 4 with identical parameters (1=a ¼ 6:25 nm À1 and B $ 2:7, according to [3] , [9] , and our practical experiment) in the cases of FF ¼ 3, 1, and 0.01. In the same disordered system, the temperature dependence of the mobility presents different characteristics with different FF values. The normal dependence occurs when FF ¼ 3 and 0.01. For the Fermi distribution ðFF ¼ 3Þ, the Fermi level E F is the starting point of thermally excited hopping. For the Boltzmann distribution ðFF ¼ 0:01Þ, the equilibrium energy E eq alternatively becomes the starting point of hopping. Because E eq is more sensitive to T than E F , the mobility of the Boltzmann distribution is more sensitive to T than that of the Fermi distribution. Thus, the black curve ðFF ¼ 0:01Þ is steeper than the green curve ðFF ¼ 3Þ.
If FF is too large or small, i.e., FF ) 1 or FF ( 1, there is no cross point of E F and E T in the investigated temperature range, which indicates that the carriers follow either the Fermi distribution (at high concentration) or the Boltzmann distribution (at low concentration), both of which are independent of E Tr and Tr . Therefore, the effect of traps on the mobility disappears. When FF ¼ 1, the kink pattern is deduced as the abnormal case based on two combined Gaussian DOS as (3). The derived transition temperature is 282.4 K, which is consistent with the experimental critical temperature (T c ) at 283 K. According to the three curves in Fig. 4 , the abnormal dependence of mobility on temperature appears only when FF ¼ 1, which represents the trap effects to mobility [29] . FF can be controlled by the composite, although it cannot be directly measured in experiment. Based on the proposed theoretical model with FF, a universal relationship of mobility vs. T can be conveniently determined for all the distorted system, which can adequately explain the experimental results both in our paper and in [17] .
Conclusion
In conclusion, MEH-PPV/InP nanocrystal composites were selected as an example to investigate the trap-filling effects. Using the variable temperature TOF technique, the abnormal temperature dependence of the carrier mobility was observed: lnðÞ linearly decreased with 1/T 2 , but the slope exhibited dramatic change above and below T c . Based on the variable range hopping theory, the trap-filling factor (FF) was introduced as a new parameter. Three transportation patterns were classified according to different FF values, and the transition case appeared when FF was 1, which corresponded to the experimentally observed abnormal temperature dependence of the carrier mobility. A universal relationship of lnðÞ with 1/T 2 was concluded in a disordered system with traps.
